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ABSTRACT
GRAIN GROWTH KINETICS IN MICROPHASE SEPARATED AnB„ STAR BLOCK
COPOLYMERS
FEBRUARY 2006
XIAOCHUAN HU, B.E., CHENGDU UNIVERSITY OF SCIENCE AND
TECHNOLOGY
M.E., BEIJING UNIVERSITY OF CHEMICAL TECHNOLOGY
M.S., TEXAS STATE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Samuel P. Gido and Professor Thomas P. Russell
Currently, there is tremendous interest in using block copolymers to generate
nanostructures where a critical issue is the control of long range order. This dissertation
focuses on how molecular architecture of block copolymers influences the long range
order. Using a series of AnBn star block copolymers with different numbers of arms (n =
1, 2, 4 and 16), the effect of molecular architecture on the grain growth kinetics is
investigated by both thermal annealing and annealing in supercritical carbon dioxide
(CO2). Across this entire series of materials, all the A arms are polystyrene (PS) blocks
from the same anionically synthesized batch, and all the B arms are polyisoprene (PI)
blocks from the same anionically synthesized batch. Thus, all the star block copolymers
vii
employed in this study are composed of the same A and B arms Unked together in
symmetric numbers and the only difference within this series is the number of arms, n.
The grain growth kinetics of these AnBn materials is then monitored in real space
by transmission electron microscopy (TEM), followed by subsequent micrograph image
analysis. It is found that the molecular architecture influences the grain growth kinetics
of these AnBn star block copolymers significantly under both thermal and supercritical
CO2 annealing. Their grain growth kinetics shows a strong dependence on the number of
arms. Also, the grain coarsening kinetics followed a scaling law as V ~ t^ where V is the
characteristic grain volume and t is annealing time. Under simple thermal annealing, the
exponent, p, is found to be about 0.2 for the AiBi diblock copolymer (AnBn with n = 1)
and 0.4 for all three star block copolymers with n = 2, 4 and 16. Meanwhile, under
supercritical CO2 annealing, the grain growth dynamics of these AnBn stars with n = 2, 4,
and 16 is found to be the same as that of the same AnBn materials under thermal
annealing. However, the grain growth kinetics of the AiBi diblock is dramatically
enhanced in supercritical CO2 relative to thermal annealing. Comparison of the scaling
relationships strongly suggests that the difference in grain growth between the AiBi
diblock and the AnBn star block copolymers can be attributed to the difference in chain
entanglements and to the thermodynamic barrier to diffusion perpendicular to the
lamellar layers.
viii
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CHAPTER 1
MICROPHASE SEPARATION AND GRAIN FORMATION IN BLOCK
COPOLYMERS
1.1 Introduction
Block copolymers can microphase separate into ordered structures composed of
lamellae, cylinders, and spheres, as well as a variety of other structures at temperatures
below the order-to-disorder transition temperature/ When these materials are
quiescently quenched from the disordered state to the ordered state, coherently ordered
microdomain regions or grains form, often with random orientations. Grain size and
structure have been shown to play an important role in determining the mechanical and
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transport properties of block copolymers. " Recent efforts to use block copolymers m
microelectronic and photonic applications also require precise control of the grain size
and/or structure.^'^
It has been shown that coherent grain orientation can be achieved by application
of an external field, such as an electric field,^''° modified interfacial interactions,""'^
shear,
"^''^ temperature gradients,'^ etc. Many variables have been found that influence
the ordering of block copolymers such as temperature (quench depth),'"^''^ temperature
18
gradient,'^ molecular weight and molecular relaxation time.
In the microphase separated state, coherent order is usually interrupted by the
presence of topological defects, such as grain boundaries. Also, since the
block
1
copolymers are relatively soft mesophase materials, one also observes more continuous
changes in the local orientation, similar to focal conies in smectic liquid crystalline
textures. It is believed that subsequent grain growth occurs by the motion and
annihilation of these defects.^^
Prior research on block copolymer grain growth kinetics has focused on diblock
copolymers. Little is known about the grain growth kinetics of star block copolymers,
especially the effect of molecular architecture on the growth kinetics. However, it is
well-established that star copolymers behave differently from conventional diblock
copolymers, due to the molecular architecture effect on microphase separation,^ ^'^^
domain spacing,'^'''^'* rheology and dynamics.^^"^^ Meanwhile, advances in anionic living
polymerization and arm coupling chemistries have made it possible to synthesize well-
defined star copolymers.^^"^'
Building upon these prior developments, the objective of this dissertation work is
to explore the effect of molecular architecture on the grain growth kinetics of AnBn
miktoamn. star block copolymers in bulk samples (3-D). To achieve this end, a series of
lamellae-forming (PS)n(PI)n miktoarm star block copolymers (n = 1, 2, 4, and 16) will be
investigated by transmission electron microscopy (TEM) followed by subsequent image
analysis. Most importantly, all the polystyrene (PS) arms in this series come from the
same anionic polymerization batch. So they are all characteristically the same. Likewise,
all the corresponding polyisoprene (PI) arms are also the same. This will enable us to
2
exclude any variables from the study that would arise from differences in the composition
of constituent arms.
1.2 Microphase Separation of A„B„ Star Block Copolymers
A diblock copolymer is a macromolecule comprising two blocks of chemically
different monomers, A and B, covalently bonded to each other at one end. At high
temperatures, most diblock copolymers are phase mixed with a spatially uniform
composition. As the temperature is lowered, the unfavorable interactions between A and
B monomers cause the system to undergo a disorder-to-order transition into a microphase
separated state. Due to the connectivity constraint between the A and B blocks, the phase
separation in the diblock copolymer is limited by the size of the copolymer chain.
In Leibler's mean field theory, the thermodynamic equihbrium state of an A-B
diblock copolymer completely depends on two variables. The first variable is xN, the
product of the dimensionless Flory-Huggins interaction parameter, describing the
enthalpic interactions between A and B monomers and N, the total number of statistical
segments in each diblock molecule. The second variable is the composition f, the fraction
of segments in each chain that are of type A. The phase diagram constructed by Leibler
for an A-B diblock copolymer is shown below in Figure 1.1:'^^
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For a symmetric diblock melt (f = Vi), Leibler predicts a second order phase
transition into a lamellar microphase at the critical point (xN = 10.495, f = Yi). For
asymmetric diblock melts (f ^ 14), as shown in Figure 1.1, the theory predicts a first order
phase transition into a body-centered-cubic (bcc) phase on increasing xN from the
homogeneous melt. By further increasing ^N, either by lowering the temperature or
increasing N, the theory suggests that transitions from the bcc structure to a hexagonal
microphase and subsequently to the lamellar microphase are possible.
The effect of composition fluctuations on the microphase separation transition in
diblock copolymers is investigated by Fredrickson and Helfand." Such fluctuation
corrections, neglected in the mean field theory of Leibler, are found to be significant for
diblock copolymers of finite molecular weights. By incorporation of composition
4
fluctuations, the second order transition that arises in the mean field theory for a
symmetric diblock meh is suppressed and a first order transition is found at a lower
temperature. In addition, direct first order phase transitions between the disordered phase
and the lamellar and hexagonal phases are possible for asymmetric diblocks (f ^ Vi).
These corrections bring the weak segregation theory into better agreement with both
experimental results and the strong segregation theories.
Sanchez and Olvera de la Cruz^'* developed a mean field theory to describe the
effect of molecular architectures on the microphase separation and critical behavior of
star copolymers in the weak segregation limit. Particularly, for the AnBn star copolymers,
the critical value of xN, where f ^ Vi, is found to be independent of the number of arms,
n, and equals 10.5 as shown below in Figure 1.2:
Figure 1.2 Variation of (xNo)s with composition, f, and arm number, n, for AnBn star
copolymers. No is the number of monomers in the diblock AiBi.
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This is due to the fact that two entropic effects oppose each other. The first is the
entropy of the melt. The entropy of the star copolymer is smaller than that of the
corresponding diblock copolymer because of the additional constraints on the A-B
junction point, i.e., forming an AnBn star copolymer from n AiBi diblocks is entropically
unfavorable. On the other hand, the microphase separated state is also affected by these
additional constraints at the junction point. As a result a microphase separated AnBn star
copolymer will have lower entropy than the corresponding AiBi diblock. At the critical
point (f = Yi), these two opposing entropies cancel each other. Therefore, the critical
temperature does not change with the number of arms in the star. On the other hand, at
noncritical compositions (f ^ Vi), the theory predicts that (xN)s of AnBn is not greater than
(xN)s of An-iBn-i where (xN)s represents xN at spinodal temperature. The same theory
also predicts that q* is independent of n at f = Vi and q* of AnBn is found to be greater
than q* of AiBi at all other compositions mainly due to the constraint effect at the
junction point which forces the proximity ofA and B monomers.
1.3 Grain Formation and Growth in Block Copolymers
1.3.1 Grain Formation and Growth in the Bulk (3-D)
The grain structures observed in block copolymers are generally accepted to be
the result of nucleation and growth of grains," analogous to that in metals or ceramics.
Binder^^ has investigated the nucleation phenomena in block copolymer systems within
the mean field limit, where a Landau-Ginzburg functional is used to estimate the
6
interfacial free energy and nucleation barriers. It is found that for symmetric block
copolymers near the fluctuation-induced first order transition between the disordered
phase and the lamellar phase, when N (chain length) approaches oo, the transition
becomes second order and the magnitude of the nucleation barrier vanishes as N"'^^ For
asymmetric block copolymers, the nucleation barrier scales as N*'^ | f-1/2 | ^ where f is
the volume fraction of one of the blocks.
Hashimoto et al. have studied the nucleation and growth of a symmetric diblock
copolymer when quenched to the ordered state very close to Tqdt, where a slow
nucleation process with a fmite incubation time and anisotropic growth of lamellar grains
was first experimentally observed. Newstein et al.''^ found that the depolarized light
scattering patterns obtained during the disorder-to-order transition of a block copolymer
with cylindrical morphology exhibited four-fold symmetry, which was believed to be a
signature of anisotropic grains. Since then, experimental results reported by both groups
on a variety of block copolymers confirmed the anisotropy of the grains in shape.
'^'^^'^^"^^
The observed grain anisotropy may be attributed to kinetic effects such as
anisotropic growth rates or thermodynamic effects such as anisotropy of interfacial
energy between the ordered and disordered phases. With the assumption that
thermodynamic effects are dominant, Balsara, Gido and co-workers^' calculated the
shape of lamellar block copolymer grains formed when the copolymer was brought into
the ordered state by a shallow quench. Using a Wulff construction'*^ and the approach of
Milner and Morse'*^ the grains are predicted to be ellipsoidal with an aspect ratio of 2.37
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during the early stages of grain growth where grains grow at the expense of the
disordered phase. However, it should be noted that this theory applies only to the growth
of dilute grains in the vicinity of the order-to-disorder transitions.
As discussed by Gido and Thomas,'*'* the long range ordering of lamellar block
copolymers is of a dual nature. Transmission electron microscopy (TEM) images of
these materials cleariy show grain structures, similar to that of a metal, in which regions
of coherent lamellar orientation are separated from one another by grain boundaries.
Block copolymers with a lamellar morphology are materials with the same symmetry as
smectic A liquid crystals. Their order is inherently soft and much more susceptible to
structural distortions than inorganic metal or ceramic materials. Thus, gentle changes in
lamellar direction are frequently observed even within what might be classified as a
single grain. In addition, classical topological defects observed in liquid crystals are also
present in lamellar block copolymers in addition to the grain structure. Subsequent grain
growth must occur by the motion and annihilation of those defects.
^°''*^
1 .3.2 Grain Formation and Growth in Thin Films (2-D)
Segalman et al."*^""*^ systematically studied the edge effect on the ordering and
melting of block copolymer spherical domains in 2 dimension (2-D). It is shown that a 2-
D single crystalline layer of spherical diblock copolymer domains can be templated by
lateral substrate topology. With the combination of ion etching and atomic force
microscopy, the grain structure of the 2D system is obtained and the presence of crystal
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defects has been identified through a Voronoi diagram. Based on the quantitative
analysis of order via defect counts, lattice spacing distributions and order correlation
functions, it is found that a 2D block copolymer crystal melts continuously through the
generation and unbinding of dislocation pairs at low temperatures followed by the
unbinding of the dislocation into their constituent disclinations at higher temperatures.
Using atomic force microscopy, Sibener and co-workers^^'^' studied the evolution
of the defects as well as the interfacial morphological changes in ultrathin films of a
cylinder-forming polystyrene-block-polymethylmethacrylate copolymer. Their results
have revealed the dominant pathways by which defects such as disclinations and
dislocations can transform, annihilate, and topologically evolve during thermal annealing
of such films. It is found that the evolution of diblock domain topology takes place
through relinking, joining, clustering, and annihilation of defects.
Very recently, Harrison et al. have studied pattern coarsening in a 2D hexagonal
system, a single layer of spherical block copolymer microdomains, using scanning
electron microscopy and atomic force microscopy. It has been demonstrated that the
coarsening process is dominated by the collapse of small grains into the grain boundaries
of larger grains while the orientational correlation length, ^, increases as ~ t''^'* at late
stages of the coarsening process, similar to the results obtained previously for a striped
system ( in-plan block copolymer cylinders)."*^
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As shown by Segalman et al.'^ it is necessary to balance the kinetics of grain
formation with the thermodynamics of block copolymer segregation to achieve a higher
degree of order. The degree to which the two blocks of a block copolymer with spherical
microdomains will microphase separate thermodynamically is proportional to xNmin,
where % is the temperature-dependent Flory-Huggins interaction parameter and N^in is
the chain length of the smaller block. The lower the temperature, the stronger the driving
force for the two blocks to segregate and order. However, diffusion (D) becomes much
slower as ^Nmin increases since D ~ Do exp(-axNmin).^"'"^^ Thus, at lower temperatures,
the block copolymer may not diffuse fast enough to allow rearrangement of spherical
microdomains into a structure with long range order. The interplay of these two opposite
dependences on xNmin results in an optimum thermal annealing condition. Both the
geometry of the substrate and the annealing temperature can be used to tailor the degree
of order as well as the orientation of a grain.
To quantify the long-range order in a 2-D crystal, two corresponding order
parameters have to be determined and used. One is the translational order described by a
pair correlation function and the other one is the orientational order defined as the 6-fold
symmetry of the array at any point. The translational correlation function, GiCr), is used
to characterize the translational order in the system. GiCr) can be calculated from the
measured sphere center positions using exp(iK.r) as the local order parameter as
follows:''^
GT(r) = <exp(iK.r)exp(iK.(r'-r))>
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where K is a reciprocal lattice vector to one of the first-order peaks in the 2-D Fourier
transform and the brackets represent an average over all spheres separated by r and an
average over all six reciprocal lattice vectors. However, it has been established both
theoretically^^'" and experimentally^^ that true long range translational order can not be
obtained in a 2-D block copolymer layer due to thermally excited long wavelength
phonons. Therefore, a 2-D crystal will have only quasi-long-range translational order.
As a result, the corresponding translational correlation function, Gj{r), decays
algebraically to 0 at large values of r in the form of:^^
GT(r)<x(r/a)-\
where the distance, r, is normalized by the average sphere spacing, a, and rii is a fitting
parameter. In theory, r|T is predicted to be in the range of Va - V3 in the ordered 2D crystal
phase.^^
If the system only has short-range translational order such as the hexatic phase
which is of quasi-long range orientational order but only short-range translational order
48
and liquid phase, Gj(r) is expected to decay exponentially as:
GT(r) oc exp(-r/^)
where ^ is the translational correlation length.
Meanwhile, the local orientational order, \\f{r,y}, is defined by the orientation of the
48
sphere-to-sphere bond vector as:
\|/6(rij) = exp(6ie(rij))
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where sphere j is a nearest neighbor of sphere i and 0(rij) is the angle between the bond
connecting sphere i and j and the reference system. The constant, 6, appears due to 6-
fold symmetry of the system. If the orientational order is of quasi-long-range, for
example, prior to the unbinding of dislocations into constituent disclinations, the
orientational correlation function Ge{r) is defined as:'*^
G6(r) = <M/*6(0)H/6(r)>
where v|/*6(0) is the complex conjugate of the order parameter of the sphere which is
arbitrarily chosen as the origin. Like the translational correlation function, GiCr), the
orientational correlation function, G6(r), is also expected to follow the algebraic decay as
the form of G6(r) oc (r/a)'^0 or an exponential decay of Gt{r) oc exp(-r/^) depending on
whether the system has quasi-long-range orientational order or not.
1.4 Characterization of Grain Growth Kinetics
The kinetics of grain growth of diblock copolymers, both in the bulk and in thin
films, has been investigated using a variety of techniques such as small angle x-ray
scattering (SAXS), transmission electron microscopy (TEM), depolarized light scattering
(DPLS), Ultra-small angle x-ray scattering (Ultra SAXS) and atomic force microscopy
(AFM).
1.4.1 Small Angle X-ray Scattering
In previous experiments, SAXS was used to study the kinetics of ordering in
block copolymers.''-^^ hi principle, the widths of x-ray peaks are related
to the grain size.
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Based on Hosemann's paracrystal theory, Hashimoto et al. have calculated the theoretical
SAXS profiles for lamellar microdomains,^' hexagonally packed cylindrical particles,"
and cubic lattice system.^^'^'' It is shown that for the one dimensional lamellar
microdomains, the peak width is related to the average grain size, average lamellar long
period and the Hosemann's "g factor" which describes the fluctuations of the lamellar
long period in the system. However, experiments have shown that there is no noticeable
change in the peak width^'^ or, at best, a qualitative change in the peak width during
ordering.^^
1 .4.2 Deploarized Light Scattering
Balsara, Garetz and co-workers have used depolarized light scattering (DPLS) to
study the ordering of a variety of block copolymers as shown schematically in Figure 1.3
below:^°
Figure 1.3 Schematic of depolarized light scattering experimental set-up
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The ordered lamellar or cylindrical grains behave the same as optically uniaxial
crystals and it is these structures that contribute to depolarized light scattering. Since the
optical birefringence is usually weak in block copolymer systems, multiple scattering is
therefore negligible.
With the assumption that a sample is composed of randomly orientated grains and
in the limit of weak birefringence, a model is developed to account for the resulting
depolarized light scattering pattern. '^'^^'^^ hi this model, each grain is described by a
Gaussian-ellipsoidal shape functions with two characteristic length scales where one is
along the optic axis of an ellipsoidal grain and the other one is perpendicular to that axis.
By fitting the calculated scattering profile based on this model with the experimentally
observed scattering pattern, the grain size and volume fraction can be determined.
1.4.3 Transmission Electron Microscopy
Recently, TEM and subsequent image analysis have been used to investigate the
grain growth of lamellar block copolymers by Garetz, Balsara and co-workers. ' In
general, local Fourier transform (LFT) is performed to determine the local orientation of
lamellar normal, ^{r), within a 32 pixel x 32 pixel box. Based on the orientations of
lamellar normals, two correlation functions, C(r)// and C(r)i, are generated to account for
the anisotropy of grain shape:^^
C(|r'-r"|) « <cos{2[(|)(r')-(()(r")]}>
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where C(r)// represents the correlation function in the direction of lamellar normal and
C(r)i is the correlation function in the direction perpendicular to lamellar normal. From
these two correlation functions the corresponding correlation lengths can be extracted by
fitting the correlation functions with an exponential function of the form of exp(-r/K).
One is in the direction of lamellar normal, denoted as k//, and the other one is
perpendicular to lamellar normal, denoted as ki. Both k// and ki are used to characterize
the grain size. It is shown that the magnitude of correlation lengths obtained from TEM
is a factor of 2 smaller than that obtained from DPLS.
1 .4.4 Ultra-small Angle X-ray Scattering
Very recently, Cohen et al.^^ used ultra-small angle x-ray scattering (Ultra SAXS)
to measure grain size of lamellar styrene-butadiene block copolymers. Microscopic
studies^^'^^'^^ focused on grain boundary structures in styrene-butadiene block copolymers
suggest that the local composition in grain boundaries is different from the overall
average composition of the material. Therefore, composition fluctuations at the grain
boundaries are assumed.
In the very low-q range (< about 0.005 A"'), interferences arising from the
copolymer repeat period are not observed but, rather, interferences due to the entire grain
are seen. The presence of grain boundary material with a different local density from the
average grain density provides the scattering contrast in Ultra SAXS. To calculate grain
7 1 72
size, the spherical form factor used by Stein et al. ' is employed.
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The spherical form factor
U = (47i/?^)sin(0/2)R - qR
exhibits a peak at a value U = 4.07^'^^ For each scattering curve that has a peak in the
ultra-small angle region, the grain size D is obtained from the relation D - S/q^ax.
1.4.5 Atomic Force Microscopy
Atomic force microscopy (AFM) has been proven to be a powerful tool to
investigate the ordering and/or melting process in 2-D systems.'^^''^^"'^^*^^ With the help of
ion etching, either by secondary ion mass spectroscopy (SIMS) or by controlled reactive
ion etching, the ordering/disordering process in 2-D crystals of block copolymers with
spherical microdomains has been elucidated. However, to quantify the
ordering/disordering process, it is necessary to take some measures to minimize the
artifacts arising from AFM scan process, such as stretching/compression of images in the
48
direction of slow scan, drifting of the piezo tube, and long wavelength background. For
example, thermal equilibration of the piezo tube has to be reached before image capture
to reduce the resulting stretching and/or compression of the image. Also, due to the
drifting of the piezo tube, each image captured needs to be corrected for this distortion
before quantitative analysis.
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CHAPTER 2
THE EFFECT OF MOLECULAR ARCHITECTURE ON THE GRAIN GROWTH
KINETICS OF A„B„ STAR BLOCK COPOLYMERS
2.1 Introduction
Block copolymers can microphase separate into ordered structures composed of
lamellae, cylinders, and spheres, as well as a variety of other structures at temperatures
below the order-to-disorder transition temperature. ' When these materials are
quiescently quenched from the disordered state to the ordered state, coherently ordered
microdomain regions or grains form, often with different orientations. Grain size and
structure have been shown to play an important role in determining the mechanical and
transport properties of block copolymers. ^"^ Recent efforts to use block copolymers in
microelectronic and photonic applications also require precise control of the grain size
and/or structure.^'^
Coherent grain orientation can be achieved by the application of an external field,
such as electric,*^ '^ surface,'
^"'^
shear,'^'^^ or thermal gradient^' fields. The kinetics of
grain growth of diblock copolymers, both in the bulk and in thin films, has been
investigated with a variety of techniques, including small angle x-ray scattering
(SAXS),^^'^'' transmission electron microscopy (TEM),"'^^ depolarized light scattering
(DPLS),"'^'''^^ and atomic force microscopy (AFM).^^ In the microphase separated state,
coherent order is interrupted by the presence of topological defects that can be zero
(point), one (line), or two (grain boundaries) dimensional. Also, since the
block
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copolymers are relatively soft mesophase materials one also observes more continuous
changes in the local microstructural orientation, akin to focal conies in smectic liquid
crystalline textures. Subsequent grain growth occurs by the motion and annihilation of
these defects. Many variables have been found that influence the ordering of block
copolymers such as temperature (quench depth),^''^^ molecular weight and molecular
relaxation time."
Prior research on block copolymer grain ordering kinetics has been focused on
diblock copolymers. Little is known about the grain coarsening kinetics of star
copolymers, especially the effect of molecular architecture on the coarsening kinetics.
However, it is well-established that star copolymers behave differently from conventional
diblock copolymers due to the molecular architecture effect on microphase
separation,^'*''^^ domain spacing,^^"^^ rheology and dynamics. ^^"'^^ Meanwhile, advances in
anionic living polymerization and arm coupling chemistries have made it possible to
synthesize well-defined star copolymers.'*^"'*^ Building upon these prior developments,
the objective of the current work is to explore the effect of molecular architecture on the
ordering kinetics of miktoarm star block copolymers. To achieve this end, a series of
(PS)n(PI)n miktosLrm star copolymers (n=l, 2, 4, and 16) are prepared using anionic living
polymerization and chlorosilane coupling chemistry.^^ Most importantly, all the PS arms
used in this series come from the same polymerization batch. So they are all
characteristically the same. Likewise, all the PI arms are also the same. This enables us
to exclude any variables from the study that would arise due to differences in the
composition of constituting arms.
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2.2 Experimental Section
The AnBn star copolymers used in this study are prepared by living anionic
polymerization of styrene and isoprene respectively, followed by controlled chlorosilane
coupling chemistry and purification. Table 2.1 shows their molecular characteristics.
Table 2.1 Molecular characteristics of the (PS)n(PI)n star block copolymers
Sample Mn^ g/mol Mw' g/mol Mw/Mn= Wt % PS
PS arm 19,000 *** *** 100
PI arm 15,000 *** *** 0
PSiPI, 36,200 36,300 1.05 55 ±2
PS2PI2 64,000 66,000 1.04 56 + 2
PS4PI4 121,000 127,500 1.04 54 ±2
PS16PI16 e 533,000 1.07 59 + 2
a Membrane osmometry (MO) in toluene at 35 °C
b Low angle laser light scattering (LALLS) in THF at 25 °C
c Size exclusion chromatography in THF at 25 °C (DRI detector)
d Measured by 'H-NMR
e Too high to be measured by MO.
Based on the composition of these AnBn star block copolymers, lamellar
morphology is expected and confirmed experimentally for all these star copolymers. The
detailed synthesis, molecular and basic morphological characterization of these star
copolymers have been published previously.^^
2.2.1 Sample Preparation
Five weight percent solutions of each of the four star copolymers were prepared
in toluene, a neutral solvent for the PS and PI blocks. Bulk films about 1
mm thick were
obtained by evaporating the solvent from these solutions. Typically, studies
of PS-PI
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block copolymer morphology involves covering the samples during solvent casting in
order to slow solvent evaporation which takes place over one or two weeks.^^'"^^"^^ In the
present study, an initial microphase separated but not highly ordered state with small
grains is desired. The size increase of these grains with thermal annealing will then be
monitored. In order to produce an initial small grain size, the samples were cast without
covering. The films thus produced were essentially solid after one day in air at room
temperature, and were completely dry after two days. These dried films constituted the
time, t = 0 initial point of the grain growth studies. Different pieces of these films were
then annealed at 120 °C under vacuum for different periods of time to promote grain
growth. To allow for quantitative comparison of grain size, all samples in this study were
cast and annealed together to ensure that they experienced identical external conditions.
Different pieces of film for each of the samples were removed from the annealing oven at
t
various times, from 30 minutes up to 60 days, and the grain size was characterized.
'
2.2.2 TEM Characterization
All samples for transmission electron microscopy (TEM) were microtomed using
a Leica Ultracut UCT cryo-ultramicrotome. Thin sections, 50-100 nm in thickness, were
cut with a Diatome diamond knife at a temperature of -100 °C. hi order to reduce
sampling bias in the collection of TEM micrographs, several different sections of the
sample were microtomed. These sections were then collected on 400 mesh copper TEM
grids and stained in OSO4 vapor for 6 hours. TEM was performed on either a JEOL
lOOCX or a JEOL 2000 FX instrument, operated at accelerating voltages of 100 kV or
25
200 kV respectively. TEM magnifications were calibrated with an etched silica size
standard. Relatively low magnifications were used for all the micrographs to ensure that
each micrograph encompassed as many entire grains as possible for the subsequent
statistical analysis. A magnification of 8000x was used for samples during the early
stages of grain growth, while a magnification of 6000x was used for later stages of grain
growth when the grains were larger. Fourty to 50 TEM micrographs per sample per
annealing time were used for the quantitative image analysis of grain size.
2.2.3 Quantitative Image Analysis:
Grain size was obtained using the procedures described by Garetz, Balsara and
co-workers.'^^'^^'^*^ TEM micrographs were digitized and stored in TIFF files. Each
digitized micrograph was divided into a total of 385 x 275 overlapping 32 pixel x 32
pixel squares with centers separated by 1 0 pixels, and the image within each square was
stored as a 32 x 32 element array of 8-bit integers. The azimuthal angles, ^{r), which
describe the local orientation of lamellar normals at various points (given by the position
vector r) in the images relative to a fixed reference coordinate system, were computed by
a local, two-dimensional Fourier transform (LFT). This LFT procedure produces a
matrix of local azimuthal angles, (j)(r), that describe the orientation of the projection of
lamellar normals in the image plane. This matrix is then used to calculate the lamellar
25
orientation correlation function, C(r), as:
C(|r'-r"|) = (15/8)<sin^e(r')sin^0(r")><cos{2[(()(r')-(t)(r")]}>
« <cos{2[(l)(r')-(t)(r")]}>
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The brackets <...> represent an average over all pairs of points r' and r" in the ordered
regions of a TEM micrograph. Since it is well-established that lamellar grains are highly
anisotropic in shape,^^'^''^''^^ different correlation functions, C(r)// and C(r)i
,
corresponding to the correlations in the direction of lamellar grain normal and
perpendicular to this lamellar normal, have been evaluated. The parallel correlation
function, C(r)//, is calculated by averaging at points r' and r" where the vector r' - r" is
parallel to the lamellar grain normal within a prescribed tolerance of ±5°. Likewise, the
perpendicular correlation function, C(r)i, is obtained by averaging at points r' and r"
where the vector r' - r" is perpendicular to the lamellar grain normal within a prescribed
tolerance of ±5°. Both correlation functions were found to decay approximately
exponentially. Thus, each correlation function was fit with an exponential in the form of
exp(-r/K), where k is the correlation length. These correlation lengths are convenient
parameters with which to characterize the grain size.
The procedure used in this study to obtain the correlation length from TEM
micrographs was based on previously published methods with the foUowmg exceptions:
First, the correlation functions were obtained by systematically evaluating and summing
the contributions from all pairs of 32 pixel x 32 pixel boxes in each image. The analysis
started with the first ordered box in the micrograph and compared it with all the other
ordered boxes in the same micrograph. Then the second box was compared to all other
boxes, and so on until all the pairs of boxes in the micrograph have been compared. This
contrasts with statistical sampling procedures used in a previously published study.
Also, since in this study the entire region in a micrograph is ordered with very few
27
unclear regions and no disordered regions, the filtering process used in the previous
studies^^ is not needed.
23 Results and Discussions
Figure 2.1 shows a TEM micrograph of the unannealed A4B4 sample, i.e., t = 0.
Clearly the sample microphase separated into a lamellar morphology as a result of the
solution casting, but the grain size is quite small Figure 2.2 shows a TEM image of the
same A4B4 sample after thermal annealing at 120 for 60 days, producing a significant
increase in grain size.
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As shown in Figure 2.3a for the A4B4 material, both correlation functions, C(r)//
and C(r)i, could be described by an exponential function.
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Figure 2.3 Correlation functions for PS4PI4 parallel (C//) and perpendicular (d) to the
lamellar normal after annealing at 120 °C for 60 days, (a) linear scale , and (b)
logarithmic scale with least-squares exponential fit of the first 10 points of each
correlation function.
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Each curve was fit to an exponential function of the form exp(-r/K), as shown in
Figure 2.3b, where k is the correlation length, a characteristic dimension of the grain
structure. The grains are generally anisotropic in shape, being larger parallel to the
lamellar normal and smaller perpendicular to the lamellar normal. This has been reported
previously for diblock copolymers^^'^''^'-^^ and is evident in our TEM micrographs of
AnBn grain structure. Therefore, two correlation lengths are used to characterize each
individual grain. The correlation length in the direction of lamellar normal is denoted as
K// and the correlation length perpendicular to the lamellar normal is denoted as Ki.
Table 2.2 Correlation lengths of AnBn star copolymers determined by TEM image
analysis, k// and ki are correlation lengths parallel and perpendicular to the lamellar
normal, a// and cti are the standard deviations of k// and Ki respectively
Time
(Hrs)
PSiPI, PS2PI2
K//
(|im)
CT//
(Hm)
Kl
im)
CTi
(nm)
K//
(lam) (|im)
Kl
(lam)
C7l
(l^m)
0 0.36 0.06 0.23 0.03 0.65 0.13 0.46 0.07
0.5 0.44 0.02 0.40 0.03 0.86 0.15 0.60 0.09
2 0.89 0.19 0.68 0.14 1.02 0.18 0.71 0.09
6 1.02 0.16 0.78 0.13 1.23 0.11 0.83 0.12
24 1.11 0.13 0.87 0.13 1.66 0.25 1.07 0.15
96 1.09 0.05 0.89 0.04 1.69 0.14 1.10 0.06
384 1.42 0.08 1.01 0.12 1.78 0.20 1.54 0.17
1440 1.45 0.16 1.04 0.04 1.97 0.14 1.71 0.07
PS4PI4 PS,6PIl6
0 0.42 0.04 0.43 0.04 0.37 0.03 0.32 0.03
0.5 0.47 0.10 0.45 0.11 0.45 0.03 0.33 0.03
2 0.68 0.10 0.55 0.07 0.43 0.03 0.38 0.03
6 0.82 0.15 0.55 0.09 0.49 0.05 0.48 0.04
24 0.99 0.12 0.84 0.16 0.62 0.07 0.61 0.07
96 1.02 0.03 0.87 0.04 0.63 0.05 0.62 0.05
384 1.39 0.04 1.15 0.08 0.85 0.09 0.84 0.11
1440 1.44 0.07 1.18 0.04 0.87 0.04 0.87 0.02
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Both Table 2.2 and Figure 2.4 show the time evolution of the characteristic grain
size for the AnBn materials (n = 1, 2, 4 and 16) when thermally annealed at 120 °C.
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Figure 2.4 The growth of correlation lengths in PSpPIn star block copolymers as a
function of annealing time at 120 °C: (a) PS.Pl,, (b) PS2PI2, (c) PS4PI4, and
(d)
PSigPIig- The lines in each plot are the least-squares, power law fits to the corresponding
correlation length. (Continued)
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Figure 2.4 - Continued
The anisotropic grain shape is reflected in the fact that the k// values are
consistently larger than the ki values for all star functionalities and across the full
range
of annealing times, except for A16B16 at longer annealing times where k//=: Ki.
Least
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squares fits of power law functions of the form k = At" are shown as lines on the graphs
in Figure 2.4. The A and ^parameters determined by these fits are given in Table 2.3.
Table 2.3 Power law fitting parameters for correlation length growth data: k = At"
Sample
A V
A// Ai V// Vl
PSiPI, 0.86 0.68 0.07 0.06
PS2PI2 1.00 0.66 0.10 0.13
PS4PI4 0.59 0.49 0.14 0.13
PS16PI16 0.44 0.37 0.10 0.13
To within errors, the K//and ki fits, on the log-log scale in Figure 2.4, are parallel
for each material. This indicates that the grain anisotropy does not change significantly
during grain structure coarsening. The grain anisotropy for each sample can be
approximated by the ratio of the constant, pre-exponential coefficients for the parallel and
perpendicular correlation lengths: A///A1. These values are 1.26, 1.52, 1.19, and 1.18 for
AiBi, A2B2, A4B4, and A16B16, respectively. All of these grain anisotropy values are
considerably lower than the previously reported value^' of 2.37 for pre-impingement
grain growth of lamellae-forming diblock copolymers. The fact that the current studies
focus on the later stage of grain coarsening, after the initial growth and impingement
process is complete, may be the origin of this discrepancy. A drive to reduce the overall
amount of grain boundary surface area in the samples during grain coarsening will lead
to
lower grain anisotropy since surface to volume ratio is minimized for more
compact,
isotropic giain shapes.
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Figure 2.5 The effect of arm number, n, on the growth of correlation lengths in PSnPIn
star block copolymers as a function of annealing time at 120 °C: (a) k// values, (b)
Kivalues. The lines in each plot are the least-squares, power law fits to the corresponding
correlation length.
In Figure 2.5a all the parallel correlation lengths (k//) for the AnBp series are
plotted vs. time, and in Figure 2.5b all the perpendicular correlation lengths (ki) are
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plotted vs. time. When the data is presented in this way, the relative grain size for
different star functionalities can be seen. Figure 2.6 shows plots of grain volume,
estimated as (k//) x (k^) x (k^), vs. time for all the samples.
1 I 111111] 1—I I I I 1 1 1| 1— ii| 1—I I I I I ii| 1—r—r
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Figure2.6 The growth of grain volumes in PSnPIn star block copolymers as a function of
annealing time at 120 °C: The lines in the plot are the least-squares, power law fits to the
corresponding grain volume data.
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Based on previous work of Balsara and co-workers it is expected that the time
evolution of the average grain volume (V) obeys a power law: V t^ They reported the
P value for both pre- and post-impingement grain growth in a cylinder-forming diblock
copolymer of low molecular weight. The post-impingement P value of 1.20 is more
relevant for comparison to our current results. Harrison et al. investigated the ordering
kinetics both in cylindrical diblock copolymer"^^ and spherical diblock copolymer^^ thin
1/4
films and found that the correlation length increased with annealmg time, t, as ~t .
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The data in both Figure 2.5 and Figure 2.6 indicate that at any given time during
the grain growth process the order of grain size among the samples from largest to
smallest is generally A2B2, AiB,, A4B4, Ai6B,6, except for the very longest times for
which the order is: A2B2, A4B4, A,B,, Ai6B,6. The volume vs. time plots are fit with
power law functions of the form V = Avt^ and the Av and p parameters of this fit are
given in Table 2.4.
Table 2.4 Power law fitting parameters for grain volume growth data: V = A^X^
Sample Av
PSiPI, 0.40 0.20 ± 0.02
PS2PI2 0.43 0.37 ±0.02
PS4PI4 0.14 0.39 ±0.03
PS16PI16 0.06 0.35 ±0.03
It is clear that the power law exponents (slopes in Figure 2.6) for all the star
architectures (A2B2, A4B4, and AieBie) are similar, in the range of 0.35 to 0.39.
However, the power law growth rate for the diblock, AiBi, is very different, about 0.20.
The grains of materials with star architectures are all growing at about the same rate and
they are all growing faster than the grains of the diblock material. The grains of the
diblock are bigger than those of the A4B4 and AiaBie stars, but the A4B4 grain size passes
that of the diblock at long times. If the experiment could be extended to even longer
times then the data suggests the A16B16 grain size would eventually surpass that of the
diblock. Grain growth experiments beyond the two-month maximum used in this study
become difficult due to the limits of thermal and oxidative stability of the materials.
This data suggests a fundamental difference in the mechanisms of grain
growth in
the diblock verses all the AnBn star copolymers for n
= 2, 4, and 16. Dynamics in the
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case of the stars occurs by a faster type of mechanism than that of the diblock. The
increasing molecular weight as n increases from 2, to 16 in the AnBn series results in
slower versions of the same mechanism. We hypothesize that the difference between the
diblock and the various AnBn star copolymers is related to molecular entanglements. The
molecular weight of the diblock suggests that it is slightly entangled. However, the
previous work by Zhu et al.^^ shows that, in the microphase separated state, the AnBn star
copolymers for n = 2, 4, and 16 are between 5 and 12% more stretched normal to the
interface than the corresponding AiBi diblock, due to the effect of arm crowding near the
2n functional junction point. This additional chain stretching normal to the interface may
reduce entanglements with laterally neighboring chains thereby greatly increasing the rate
at which the AnBn star copolymers can diffuse within the lamellar layers relative to the
corresponding rate for the entangled diblock.^'*"^^ The diblock grains start out (t = 0)
larger than the grains in the A4B4 and A16B16 samples due to the solvent casting process
used to prepare the initial samples. The grains of the initial states for all samples are
formed during solvent casting, where the dilution effect of the solvent will reduce the
entanglements of the diblock during much if not all of the initial grain growth process.
Once the solvent is fully removed, however, all the AnBn star copolymers have faster
growing grains, and even the A4B4 and A16B16 grains sizes should pass that of the diblock
given enough time.
2.4 Conclusions
The scaling relationships we find for grain size growth as a function of time bare
no simple, discemable relationship to the kinetics of either entangled or unentangled
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block copolymer diffusion within, or normal to, lamellar layers as studied by Lodge and
co-workers.^^-^° This is not necessarily surprising since the relationship between grain
growth in three dimensions and diffusion of chains along two dimensional interfaces is
likely complex and has not been elucidated. Simple geometric arguments, illustrated
below in Figure 2.7, suggest that tilt grain boundaries (both symmetric and asymmetric)
cannot move by molecular motions along the interface alone.
Old Boundary New Boundary Old Boundary New Boundary
Figure 2.7 Schematic of motion of a chevron tilt grain boundary. If the lamellar
orientation on either side of the boundary is to be preserved, then the motion must
involve the breaking and reforming of interfaces as indicated by x's and dashed lines in
the diagram.
Some interfacial breaking and reforming (i.e., diffusion of chains normal to the
lamellar layers) is necessary to move this type of grain boundary. It may be possible for
twist grain boundaries with Scherk-saddle-surface interfaces^ ''^^ to move through the
sample via a mechanism in which the interfaces remain intact, i.e., only diffusion along
existing interfaces is required. If this is true, then twist grain boundaries may move faster
than tilt grain boundaries. However, any polygrain sample contains both twist and tilt
boundaries as well as compound grain boundaries containing both twist and tilt character.
Thus the situation is very complex
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CHAPTER 3
GRAIN GROWTH KINETICS OF A„B„ STAR BLOCK COPOLYMERS
SUPERCRITICAL CARBON DIOXIDE
3.1 Introduction
When block copolymer materials are brought from the disordered into ordered
state, coherently ordered microdomain regions (i.e., grains) form with random
orientations. Grain size and structure have been shown to be important for the
mechanical and mass transport properties of block copolymers.'"'' Block copolymers are
also emerging as viable templates for nanostructured materials having applications in
microelectronics. However, for applications requiring addressability, as in magnetic
storage or as photonic materials, precise control of the grain size and structure is
needed.^'^
The kinetics of grain growth of diblock copolymers, in the bulk, thin films and
solutions, has been studied by small angle x-ray scattering (SAXS),^"^ transmission
electron microscopy (TEM),'°'" depolarized light scattering (DPLS),'^''^'''* atomic force
microscopy (AFM),'^ and polarized optical microscopy (POM).'^''^ As discussed by
Gido and Thomas,'^ the long range ordering of lamellar block copolymers has a dual
nature. TEM images of these materials clearly show grain structures, similar to that of a
metal, in which regions of coherent lamellar orientation are separated from one another
by grain boundaries. This grain structure is generally accepted to be the result of
19
nucleation and growth of grains analogous to grain growth in metals or ceramics.
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Block copolymers with a lamellar morphology are materials with the same symmetry as
smectic A liquid crystals. Their order is inherently soft and much more susceptible to
structural distortions than inorganic materials. Thus, one frequently observes gentle
changes in the lamellar orientation even within what might be classified as a single grain.
Classical liquid-crystalline defects, disclinations, are frequently observed in lamellar
block copolymers, in addition to the grain structure. The correlation ftinctions and grain
sizes obtained via image analysis in this study are clearly influenced by both types of
orientational disorder, metal-like grains and liquid crystal-like distortions. Thus, grain
growth occurs by the motion of grain boundaries and other defects,^° and can be
influenced by temperature (quench depth),^^'^^'^^ temperature gradients," and molecular
relaxation times.^^
Prior research on grain growth kinetics in block copolymers has focused on
diblock copolymers and little is known about the effect of molecular architecture on grain
growth kinetics. Recently, we have systematically investigated the effect of chain
architecture on the grain growth kinetics of a series of AnBn star block copolymers,^'*
where it was found that the star functionality strongly influenced the grain growth
kinetics. However, the long annealing times required to achieve long-range order were
limited by the thermal and/or oxidative stability of the copolymer.
It has been shown that supercritical carbon dioxide (CO2) can be used to enhance
25 26
the diffusion of small molecules in a glassy polymer matrix, ' depress the glass
transition temperatures of polymers,^^ and, increase the mobility to enhance ordering of
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block copolymers. Supercritical CO2 is a poor solvent for most polymers, and the
equilibrium sorption of CO2 is modest and can be tuned by temperature and pressure.
RamachandraRao et al.^^ showed that supercritical CO2 promoted the ordering of thin
films of a deuterated, very high molecular weight poly(styrene-b-methylmethacrylate)
diblock, producing an ordering that could not be achieved by thermal annealing.
Building upon these prior developments, the objective of the current work is to
study the ordering kinetics of AnBn miktoarm star block copolymers annealed in
supercritical CO2. A series of AnBn mikto2Lnn star copolymers (n=l, 2, 4, and 16) were
I
I
prepared using anionic living polymerization and a controlled chlorosilane coupling
1
chemistry. In these materials all the A arms are polystyrene (PS) blocks from the same
\
ionic polymerization batch, and are, thus, characteristically the same. Likewise, all the B
arms are polyisoprene (PI) blocks from the same ionic polymerization batch, and are,
thus, characteristically the same. This enables us to exclude any variables from the study
that would arise from differences in the composition of the constituent arms.
3.2 Experimental Section
The AnBn star block copolymers used in this study were prepared by living
anionic polymerization of styrene and isoprene respectively, followed by a controlled
chlorosilane coupling chemistry and purification. Table 3.1 shows their molecular
characteristics. Based on the composition of these AnBn star copolymers, a lamellar
morphology is expected and confirmed experimentally by SAXS and TEM for all these
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star materials. The detailed synthesis, molecular characterization and basic morphologies
of these star copolymers have been described elsewhere.^'
Table 3.1 Molecular characteristics of the A^Bn star block copolymers
Sample Mn' g/mol Mw' g/mol wt % PS '
PS arm 19,000 *** *** 100
PI arm 15,000 *** *** 0
PS.PI, 36,200 36,300 1.05 55 ±2
PS2PI2 64,000 66,000 1.04 56 + 2
PS4PI4 121,000 127,500 1.04 54 + 2
PS16PI16 e 533,000 1.07 59 + 2
a Number-averaged molecular weight measured using membrane
osmometry (MO) in toluene at 35 °C
b Weight-averaged molecular weight measured using low angle laser
light scattering (LALLS) in THF at 25 °C
c Determined via size exclusion chromatography in THF at 25 °C (DRI detector)
d Measured by 'H-NMR
e The molecular weight of this molecule is too high to be measured by MO.
3.2.1 Sample Preparation
Five weight percent solutions of each of the four star copolymers were prepared
in toluene, a neutral solvent for the PS and PI blocks. Bulk films, about 1 mm thick, were
obtained by evaporating the solvent from these solutions. Previous studies on the PS and
PI based block copolymer morphology involved slow solvent evaporation which usually
takes place over one or two weeks. ^^""'^ Slow solvent removal enhances the grain size and
long-range order even prior to thermal annealing. In the present study, an initial
microphase separated morphology with numerous small grains is desired as the starting
point for the observation of grain growth. To produce small grains, the samples were cast
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very rapidly and were dried for two days at room temperature under vacuum. These
dried films constituted the starting point (time, t = 0) for the grain growth studies.
The dried polymer films were then annealed at 80 °C in supercritical CO2 at a
pressure of 172 bar, using an ISCO high-pressure syringe pump, for different periods of
time. A controlled depressurization was performed to avoid foaming of the sample. All
samples were cast and annealed together to ensure identical external conditions. Pieces
of films for each sample were removed from the high-pressure vessel at different times,
from 1 day up to 16 days, and the grain size was characterized.
3.2.2 TEM Characterization
All samples for transmission electron microscopy (TEM) were microtomed using
a Leica Ultracut UCT cryo-ultramicrotome. Thin sections, 50-100 nm in thickness, were
cut with a Diatome diamond knife at -100 °C. To reduce sampling bias in the collection
of TEM micrographs, several different parts of each sample were microtomed. These
sections were then collected on 400 mesh copper TEM grids and stained in OSO4 vapor
for 6 hours. TEM was performed on a JEOL 2000 FX instrument, operated at an
accelerating voltage of 200 kV. TEM magnifications were calibrated with an etched
silica standard. Relatively low magnification, 8000x, was used for all the micrographs to
ensure that each micrograph encompassed as many complete grains as possible for the
subsequent statistical analysis. Fifty TEM micrographs per sample per annealing time
were used for the quantitative image analysis of grain size.
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3.2.3 Quantitative Image Analysis
Grain size is obtained using the methods developed by Garetz et al.'°''''^'' Details
can be found in our previous studies on the grain growth kinetics.^'* hi general, a 2-D
local Fourier transform (LFT) is performed to determine the local orientation of lamellar
normals, ())(r). Based on the orientation of lamellar normals, two correlation functions,
C(r)//and C(r)i,are generated to account for the anisotropy of grain shape:'°
C(|r'-r"|) « <cos{2[(i)(r')-(j)(r")]}>
where C(r)// represents the correlation function in the direction of lamellar normal and
C(r)i is the correlation function in the direction perpendicular to lamellar normal. From
these two correlation functions the corresponding correlation lengths can be extracted.
One is in the direction of the lamellar normal, denoted as k//, and the other one is
perpendicular to the lamellar normal, denoted as Ki. Both k// and ki are used to
characterize grain size.
3.3 Results and Discussions
Figure 3.1 shows a TEM micrograph of the unannealed A4B4 sample, i.e., t = 0,
that is microphase separated into a lamellar morphology as a result of the solution
casting, but the grain size is quite small. Figure 3.2 and Figure 3.3 show TEM images of
the same A4B4 sample after thermal annealing at 120 °C for 60 days and after annealing
in supercritical CO2 at 172 bar and 80 °C for 8 days, respectively. It is clear that both
annealing methods produce a significant increase in grain size.
50
Figure 3.4 shows both correlation functions, C(r)// and C(r)i, for the Ai6B,6
copolymer. Each curve was fit to an exponential function of the form exp(-r/K), as shown
in the inset, where k is the corresponding correlation length, a characteristic dimension of
the grain structure. The grains are generally anisotropic in shape, being larger parallel to
the lamellar normal and smaller perpendicular to the lamellar normal, which is consistent
with previous studies. Consequently, both correlation lengths are used to
characterize grain growth. The correlation length in the direction of the lamellar normal
is denoted as k//, and the correlation length perpendicular to the lamellar normal is
denoted as ki.
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Figure 3.4 Correlation functions for AioBig star block copolymer parallel (C//) and
perpendicular (Ci) to the lamellar normal after annealing in supercritical CO2 at 172 bar
and 80 ""C for 96 hours. The inset: logarithmic scale with least-square exponential fit of
the first 10 points of each correlation function.
Table 3.2 and Figures 3.5 show the time evolufion of the characteristic grain size
for the AnBn series of materials when annealed in supercritical CO2 at 172 bar and 80 °C.
The anisotropic grain shape is evidenced by the fact that the k// > Ki for all the star
copolymers, across the full range of annealing times. Least square fits of power law
functions of the form k = Af are shown as dash and dash dot lines. The A and
vparameters determined are given on the left-hand-side of Table 3.3. To within
experimental errors, the K//and Ki fits, on the log-log scale in Figure 3.5, are parallel for
each material, indicating that the grain anisotropy does not change significantly during
grain structure coarsening.
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Table 3.2 Correlation lengths of the ApBn star block copolymers during annealing in
supercritical CO2 at 172 bar and 80 °C as determined by TEM and image analysis.
Correlation lengths parallel and perpendicular (k// and Ki) to the lamellar normal, and the
standard deviations of k// and Ki (a// and CTi) are tabulated.
Time PS,PI, PS2PI2
(Hrs)
K// Kl K// Ki
(Hm) (nm) (}im) (|im) (^lm) im) (^lm) (|im)
0 0.26 0.03 0.22 0.02 0.74 0.02 0.47 0.01
24 0.33 0.01 0.32 0.02 0.81 0.01 0.53 0.02
48 0.53 0.01 0.44 0.01 0.82 0.02 0.67 0.02
96 0.73 0.02 0.49 0.03 0.94 0.04 0.74 0.02
192 0.85 0.08 0.60 0.05 0.96 0.04 0.75 0.02
384 0.91 0.04 0.60 0.03 0.96 0.04 0.82 0.03
Time
(Hrs)
PS4PI4 PS16PI16
0 0.29 0.02 0.30 0.02 0.57 0.01 0.50 0.02
24 1.00 0.02 0.73 0.01 0.61 0.02 0.51 0.01
48 1.18 0.02 0.86 0.04 0.72 0.02 0.53 0.01
96 1.33 0.03 0.95 0.03 0.78 0.03 0.62 0.01
192 1.43 0.03 0.98 0.03 0.85 0.02 0.63 0.02
384 1.43 0.06 1.02 0.02 0.86 0.07 0.69 0.05
Table 3.3 Comparisons of power law fitting parameters for correlation length growth
data of the ApBn star block copolymers between thermal annealing at 120 °C and
annealing in supercritical CO2 at 172 bar and 80 °C: k = At"^
Sample
Supercritical CO2 Annealing Thermal Annealing
A V A V
A// Ai V// Vl A// Ai V// Vi
PSiPI, 0.12 0.17 0.36 0.23 0.86 0.68 0.07 0.06
PS2PI2 0.65 0.35 0.07 0.15 1.00 0.66 0.10 0.13
PS4PI4 0.69 0.53 0.13 0.12 0.59 0.49 0.14
0.13
PS16PI16 0.44 0.35 0.12 0.11 0.44 0.37 0.10
0.13
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Figure 3.5 Comparison of the growth of correlation lengths in the ApBn star block
copolymers between supercritical CO2 annealing and thermal annealing: (a) AiB|, (b)
A2B2, (c) A4B4, and (d) AieBie- The lines in each plot are the least-square, power law
fits to the corresponding correlation length. (Continued)
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The grain volume, estimated as (k//) x (kJ x (k^), is shown below in Figure 3.6 as
a function of annealing time for all the AnBn star copolymer samples.
a
5
10' 10' 10'
Annealing Time (Hrs)
10' 10" 10' 10' 10'
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Figure 3.6 The effect of arm number, n, on the growth of grain volumes in the ApBn star
block copolymers under: (a) supercritical CO2 annealing, and (b) thermal annealing.
The lines in the plot are the least-square, power law fits to the corresponding
grain
volume data.
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Based on previous work of Balsara and co-workers^° it is expected that the time
evolution of average grain volume (V) obeys a power law: V ~ t^. They reported (3 for
both pre- and post-impingement grain growth in a cylinder-forming diblock copolymer of
low molecular weight. Their post-impingement p value of 1.20 is more relevant than the
pre-impingement value for comparison to our current results. However, Balsara's work
was on cylinder grain growth and ours is on lamellar. This may contribute to differences
in the observed growth exponents. Harrison et al.'^ have investigated the ordering
kinetics in thin films of a cylindrical diblock copolymer and found that the correlation
length, K, increased with annealing time, t, as -t'^"*.
Shown in Figure 3.6a are log-log plots of V vs. t for each AnBn star copolymer
annealed in supercritical CO2. The exponent, (3, and prefactor, Av, for each architecture
are given on the left-hand-side of Table 3.4 below:
Table 3.4 Comparisons of power law fitting parameters for grain volume growth data of
the AnBn star block copolymers between thermal annealing at 120 °C and annealing in
supercritical CO2 at 172 bar and 80 °C: V = Avt*^
Sample
Supercritical CO2 Annealing Thermal Annealing
Av P Av
PSiPI, 0.003 0.82 ±0.14 0.40 0.20 ± 0.02
PS2PI2 0.08 0.36 ±0.07 0.43 0.37 ±0.02
PS4PI4 0.19 0.37 ±0.07 0.14 0.39 ±0.03
PS16PI16 0.05 0.35 ± 0.04 0.06 0.35 ± 0.03
As can be seen, P for all the star architectures is similar, ranging fi-om 0.35 to
0.37. However, p for the diblock, AiBi, is quite different, ~ 0.80. Thus, the simple
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diblock copolymer grains coarsen much more rapidly than the other architectures, which
is significantly different from the results obtained by thermal annealing.^^
Figure 3.5 also shows the comparison of the increase in K//and ki, with annealing
time for the AnBn stars. Each curve compares grain growth under thermal annealing at
120 °C to annealing of the same material in supercritical CO2 at 172 bar and 80 °C. As
for grain growth kinetics, Kramer and co-workers^^ have shown that it is necessary to
balance the ordering kinetics with the thermodynamic driving force for microphase
separation of block copolymers in order to obtain a high degree of order. Similar results
have also been reported by Balsara and co-workers^"^ on the grain growth rates in a
polystyrene-b-polyisoprene diblock copolymer melt. However, the thermal mobility,
proportional to (T-Tg) where Tg is the glass transition temperature, and the
thermodynamic driving force, proportional to (Todt-T) where Tqdt is the order-to-
disorder transition temperature, exhibit opposite dependence on temperatures. As a
result, an optimum armealing temperature exists due to the interplay between these two
opposite dependences.
Using the Sanchez-Lacombe equation of state,-*^ the weight fraction of CO2
dissolved in a homopolymer can be estimated. The Sanchez-Lacombe equation of state is
p'+ P + f {\n{\-p) + {\--)p}=0
r
where p, P , and f are the reduced density, pressure, and temperature, respectively, r
is a size parameter that represents the number of lattice sites occupied by a molecule.
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The reduced parameters are defined in terms of their corresponding characteristic
parameters as:
T=T/r T* = 8Vr
P=P/P* P* = 8*/V*
p = p/ p* p* = M /rv*
where c is the interaction per mer, R is the universal gas constant, and v* is the close-
packed volume of a mer. These three characteristic parameters of a pure component, T*,
P and p , can be determined from the regression of its PVT data and are sufficient to
completely characterize that pure component.
This equation of state can be extended to a binary mixture by using a temperature-
dependent pairwise interaction parameter, 812, in either P* or e*. In our calculation,
pairwise additivity of the characteristic pressure is used to correct the deviation of the
characteristic pressure of the mixture from the geometric mean of the characteristic
pressure of its pure components. Thus, the cross term is defined as
Pl2* = (PrP2Y''(l-6,2)
The close-packed volume fraction of component, 1, in the binary mixture, is given by
m, m.
—^ H f
pI Pi
where is the weight fraction of component / (/ = 1, 2) in the mixture.
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The combining rule for v*, the average close-packed
mixture, is
mer volume of the binary
,
o *
V' = (j)iVi + (^2V*2
where the concentration ())i° is given by
,
Tl = V ,/v 2, <1)2° = 1 - (t)l
The solubility of the polymer in the pure CO2 fluid phase is negligible. Thus, CO2
sorption in a homopolymer is calculated by equating the fugacity of CO2 in the fluid
phase 1) to that of CO2 sorbed in the polymer (^i) via
m/RT = [ln<zJy + (l-ri/r2)<zJ2 + r°,^X,<z>2Vr°,{-p/7; + ^/(Tj p)
M i/RT -r\{-p,/f,+P,/{f,p,) +(1/ )[(1- )ln(l
-
p,) + (p, /r°,)ln p,
]
where
Xi=(P,* + P2*-2P,2Vi/RT
The characteristic parameters of pure components used in this calculation are
taken from the literature^^ and listed in the Table 3.5:
Table 3.5 Characteristic parameters of PS and CO2
Substance p* (g/cm^) T*(K) P* (atm)
CO2 1.510 305 5670
PS 1.105 735 3523
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The weight fraction of CO2 dissolved in the PS block of these AnBn star block
copolymers is estimated to be about 8.5% under the current supercritical CO2 annealing
condition with the density of CO2 taken from the literature.^° Sorption data of CO2 in PS
at 80 °C are not available. Therefore, following the approach of Watkins and co-
worker''^ the interaction parameter determined at 35 °C is used for our calculations.
The order-to-disorder transition temperature (Tqdt) of pure AiBi is measured to
be 293 °C and that of pure AigBic is 420 "C."*^ Following the method of Lodge and co-
workers"*-* and assuming that CO2 is uniformly distributed in these AnBn star block
copolymers (CO2 is slightly selective for polyisoprene"^^), the thermodynamic driving
force (ToDT-T) for the AiBi diblock copolymer is calculated to be about 170 °C for both
thermal annealing and supercritical CO2 annealing in our study. Similarly, the (Tqdt-T)
for the A16B16 star block copolymer is estimated to be about 300 °C in both annealing
conditions. Therefore, the thermodynamic driving force for each individual AnBn star
copolymer under thermal annealing is about the same as that with supercritical CO2
annealing, which allows comparison of its grain growth kinetics under these two different
annealing methods.
Table 3.3 summarizes the results of power law fitting to the growth of the two
correlation lengths, with results for supercritical CO2 on the left-hand-side and results for
thermal annealing on the right-hand-side. For these AnBn stars, the glass transition
temperature (Tg) of the PS block in these materials is determined to be about 85 °C.
Based on the Chow model,"^^ the Tg of the PS block in these materials, under the current
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supercritical CO2 annealing condition, is calculated to be ~ 20 °C with system-dependent
constants taken from the literature.'^ Thus, (T-Tg) of these AnBn star block copolymers
under the current supercritical CO2 annealing is about 60 °C. On the other hand, for the
simple thermal annealing case, the corresponding (T-Tg) is ~ 35 °C. Therefore,
supercritical CO2 has enhanced the mobility of these AnBn star materials at a temperature
(80 °C) lower than the thermal annealing temperature (120 °C) while keeping the
thermodynamic driving force for ordering constant.
Within the experimental error, however, the growth rate in supercritical CO2 is the
same as that under thermal annealing for the AnBn star copolymers where n = 2, 4, and
16. However, for the AiBi diblock, the grain growth rate is much faster with
supercritical CO2 than thermal annealing. This difference in grain growth kinetics for the
AiBi diblock under different annealing conditions is even more evident when the
corresponding grain volumes are plotted for thermal annealing and supercritical CO2
annealing in Figure 3.6. For the AnBn star copolymers where n = 2, 4 and 16, regardless
of annealing method, the grains grow at about the same rate as shown in Figures 3.6.
However, for the AiB] diblock, the grains are found to grow much more rapidly in
supercritical CO2 than by thermal annealing.
Our grain growth data suggests a fundamental difference in the mechanisms of
grain growth in the AiBi diblock verses all of the AnBn star copolymers (for n = 2, 4, and
16) under both thermal and supercritical CO2 annealing. While the mechanism of grain
growth appears to be similar for all the stars under both annealing conditions, the diblock
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material seems different. Two mechanisms have been proposed for diffusion of diblock
copolymers in the lamellar plane, while the diffusion perpendicular to the lamellar planes
is dictated by a thermodynamic barrier determined by the combination of temperature and
molecular weight.^^ At low degrees of segregation (^N < 20), the diffusion in the
lamellar planes occurs by an activated reptation mechanism, while at higher degrees of
segregation (xN > 20) a block retraction mechanism is thought to occur.'*^
We previously hypothesized that the difference between the A,Bi diblock and the
vanous AnBn (n = 2, 4, and 16) star copolymers was related to molecular entanglements.
As illustrated below in Figure 3.7, tilt grain boundaries cannot move by molecular
motions along the interface alone.
Old Boundary New Boundary Old Boundary New Boundary
>
Figure 3.7 Schematic motion of a chevron tih grain boundary. If the lamellar orientation
on both sides of the boundary is to be preserved, then the motion must involve breaking
and reforming of interfaces as indicated by x's and dashed lines in the diagram.
Some interfacial breaking and reforming (i.e., diffusion of chains normal to the
lamellar layers) is necessary to move this type of grain boundary. Figure 3.7 illustrates
that in order to move the chevron grain boundary to the right, lamellar layers, indicated
by an "x", must break and then reform to change the partnering of layers on either side of
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the boundary. It may, however, be possible for twist grain boundaries with Scherk saddle
surface interfaces' '''' to move through the sample via a mechanism in which the
interfaces remain intact, i.e., only diffusion along existing interfaces is required.
The molecular weight of the AiBj diblock is such that it is slightly entangled.
Previous work by Zhu et al.^^ has shown that, in the microphase separated state, the AnBn
star copolymers for n = 2, 4, and 16 are between 5 and 12% more stretched normal to the
interface than the corresponding AiBi diblock, due to the effect of arm crowding near the
2n functional junction point. This additional chain stretching normal to the interface
reduces entanglements with neighboring copolymers, thereby increasing the rate at which
the AnBn (n = 2, 4 and 16) star copolymers can diffuse within the lamellar layers relative
to the corresponding AiBi diblock. Lodge and co-workers have shown that the diffusion
of entangled block copolymers is significantly retarded due to a combination of the
degree of microphase segregation and entanglement constraints.'*^''*^ For the entangled
AiBi diblock, under the thermal annealing condition studied here, xN is calculated to be
about 30. Thus, diffusion of a single chain in the lamellar plane would occur, most
likely, by the block retraction mechanism, where a block retracts via reptation through
the entanglement constraints into the interfacial zone and then re-extends into a new
conformation.
However, by annealing in supercritical CO2, the volume dilation of the material
with CO2 can reduce entanglements, even in the AiBi diblock. Therefore, the block-
retraction mechanism of chain diffusion may not be necessary in the supercritical CO2
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case. In addition, it has been shown that supercritical CO2 can depress the upper order-
to-disorder transition (UODT) of a styrene-isoprene diblock copolymer by as much as 45
^C*' Thus, the screening effect of supercritical CO2 on unfavorable interactions between
the dissimilar segments may also facilitate the diffusion of polymer chains in a
microphase separated state by reducing the thermodynamic penalty (effective xN)
associated with diffusion normal to the lamellar layers. This type of diffusion is
necessary to facilitate motion of chevron tilt grain boundaries during grain growth. To
the extent that chevron grain boundaries represent a large population of the grain
boundaries in a sample, the enhancement of their mobility in supercritical CO2 may
contribute to the significant increase in grain growth rate observed in the diblock.
Thus, we can postulate that for the AnBn (n = 2, 4, and 16) star copolymers in
supercritical CO2 the enhancement of diffusion normal to the lamellar layers is not as
pronounced as in the diblock case, since the thermodynamic barrier (n^N) is higher due
to the presence of multiple arms which need to be pulled across a domain of the opposing
material. For these stars, there is little entanglement hindrance to diffusion parallel to the
lamellar layers under both thermal and supercritical CO2 annealing, hence the similarity
of growth rate for the star copolymers under both types of annealing.
3.4 Conclusions
Supercritical CO2 can be used to promote the grain growth of all these ApBn (n =
1, 2, 4, and 16) star block copolymers at relatively low temperatures. Their grain
growth
kinetics in supercritical CO2 shows a different dependence on the number of arms, n, than
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that of the same series when thermally annealed. Grains of the AiB, diblock are found
to grow faster in supercritical CO2 than in the thermal annealing case. Supercritical CO2
did not change the grain growth kinetics of the AnBn (n = 2, 4, and 16) star copolymers,
however, under the conditions studied here. Their grain growth kinetics in supercritical
CO2 is found to be the same as that in the thermal annealing case. Comparison of the
scaling relationships suggests that the difference in the grain growth kinetics between the
AiBi diblock and the various AnBn (n = 2, 4, and 16) star copolymers can be attributed to
differences in molecular entanglements and to the thermodynamic barrier to diffusion
perpendicular to the lamellar layers.
69
3.5 References
1 Kawasaki, K.; Onuki, A. Physical Review A 1990, 42, 3664-3666.
2 Csemica, J.; Baddour, R. F.; Cohen, R. E. Macromolecules 1989, 22, 1493-1496.
3 Rein, D. H.; Csemica, J.; Baddour, R. F.; Cohen, R. E. Macromolecules 1990
22, 4456-4460.
4 Csemica, J.; Baddour, R. F.; Cohen, R. E. Macromolecules 1990, 23, 1429-1433.
5 Park, M.; Harrison, C; Chaikin, P. M.; Register, R. A.; Adamson, D. H. Science
1991,276, 1401-1404.
6 Li, R. R.; Dapkus, P. D.; Thompson, M. E.; Jeong, W. G.; Harrison, C;
Chaikin, P. M.; Register, R. A.; Adamson, D. H. Applied Physics Letters 2000,
76, 1689-1691.
7 Harkless, C. R.; Singh, M. A.; Nagler, S. E.; Stephenson, G. B.; Jordansweet, J.
L. Physical Review Letters 1990, 64, 2285-2288.
8 Singh, M. A.; Harkless, C. R.; Nagler, S. E.; Shannon, R. F.; Ghosh, S. S.
Physical Review B 1993, 47, 8425-8435.
9 Myers, R. T.; Cohen, R. E.; Bellare, A. Macromolecules 1999, 32, 2706-271 1.
10 Chang, M.Y.; Abuzaina, F. M.; Kim, W. G.; Gupton, J. P.; Garetz, B. A.;
Newstein, M. C; Balsara, N. P.; Yang, L.; Gido, S. P.; Cohen, R. E.;
Boontongkong, Y.; Bellare, A. Macromolecules 2002, 35, 4437-4447.
1 1 Beyer, F. L.; Gido, S. P.; Buschl, C; latrou, H.; Uhrig, D.; Mays, J. W.;
Chang, M. Y.; Garetz, B. A.; Balsara, N. P.; Tan, N. B.; Hadjichristidis, N.
Macromolecules 2000, 33, 2039-2048.
12 Wang,H.; Newstein, M. C; Chang, M. Y.; Balsara, N. P.; Garetz, B. A.
Macromolecules 2000, 33, 3719-3730.
13 Newstein, M. C; Garetz, B. A.; Balsara, N. P.; Chang, M. Y.; Dai, H. J.
Macromolecules 1998, 31, 64-76.
14 Kim, W. G.; Garetz, B. A.; Newstein, M. C; Balsara, N. P. Journal ofPolymer
Science Part B-Polymer Physics 2001, 39, 2231-2242.
15 Harrison, C; Adamson, D. H.; Cheng, Z. D.; Sebastian, J. M.; Sethuraman, S.;
Huse, D. A.; Register, R. A.; Chaikin, P. M. Science 2000, 290, 1558-1560.
70
16 Chastek, T. Q.; Lodge, T. P. Macromolecules 2003, 56, K^ll-ie^O.
17 Chastek, T. Q.; Lodge, T. P. Macromolecules 2004, 27, 4891-4899.
18 Gido, S. P.; Thomas, E. L. Macromolecules 1994, 27, 849-861.
19 Fredrickson, G. H.; Binder, K. Journal ofChemical Physics 1989, 91, 7265-7275.
20 Dai, H. J.; Balsara, N. P.; Garetz, B. A.; Newstein, M. C. Physical Review
Letters 1996, 77, 3677-3680.
21 Balsara, N. P.; Garetz, B. A.; Chang, M. Y.; Dal, H. J.; Newstein, M. C.
Macromolecules 1998, 21, 5309-5315.
22 Kim, W. G.; Chang, M. Y.; Garetz, B. A.; Newstein, M. C; Balsara, N. P.;
Lee, J. H.; Hahn, H.; Patel, S. S. Journal ofChemical Physics 2001,114, 10196-
10211.
23 Bodycomb, J.; Funaki, Y.; Kimishima, K.; Hashimoto, T. Macromolecules 1999,
22, 2075-2077.
24 Hu, X. C; Zhu, Y. Q.; Gido, S. P.; Russell, T. P.; latrou, H.; Hadjichristidis,
N.; Abuzaina, F. M.; Garetz, B. A. Faraday Discussions 2005, 128, 103-1 12.
25 Chapman, B. R.; Gochanour, C. R.; Paulaitis, M. E. Macromolecules 1996, 29,
5635-5649.
26 Berens, A. R.; Huvard, G. S.; Korsmeyer, R. W.; Kunig, F. W. Journal of
Applied Polymer Science 1992, 46, 231-242.
27 Condo, P. D.; Johnston, K. P. Journal ofPolymer Science Part B-Polymer
Physics 1994, 22, 523-533.
28 RamachandraRao, V. S.; Gupta, R. R.; Russell, T. P.; Watkins, J. J.
Macromolecules 2001, 24, 7923-7925.
29 Zhu, Y. Q.; Gido, S. P.; Moshakou, M.; latrou, H.; Hadjichristidis, N.; Park,
S.; Chang, T. Macromolecules 2003, 26, 5719-5724.
30 Zhu,Y. Q.; Weidisch,R.; Gido, S. P.; Velis, G.; Hadjichristidis, N.
Macromolecules 2002, 25, 5903-5909.
31 Beyer, F. L.; Gido, S. P.; Uhrig, D.; Mays, J. W.; Tan, N. B.; Trevino, S. F.
Journal ofPolymer Science Part B-Polymer Physics 1999, 27, 3392-3400.
71
32 Beyer, F. L.; Gido, S. P.; Poulos, Y.; Avgeropoulos, A.; Hadjichristidis, N.
Macromolecules 1997, 30, 2373-2376.
33 Beyer, F. L.; Gido, S. P.; Velis, G.; Hadjichristidis, N.; Tan, N. B.
Macromolecules 1999, 52, 6604-6607.
34 Garetz, B. A.; Balsara, N. P.; Dai, H. J.; Wang, Z.; Newstein, M. C;
Majumdar, B. Macromolecules 1996, 29, 4675-4679.
35 Balsara, N. P.; Marques, C. M.; Garetz, B. A.; Newstein, M. C; Gido, S. P.
Physical Review E 2002, 66.
36 Hashimoto, T.; Sakamoto, N. Macromolecules 1995, 28, 4779-4781
.
37 Segalman, R. A.; Hexemer, A.; Hayward, R. C.; Kramer, E. J. Macromolecules
2003, 36, 3272-3288.
38 Sanchez, I. C.; Lacombe, R. H. Macromolecules 1978, 11, 1 145-1156.
39 Kiszka, M. B.; Meilchen, M. A.; McHugh, M. A. Journal ofApplied Polymer
Science 1988, 36, 583-597.
40 Lemmon, E. W.; McLinden, M. O.; Friend, D. G. Thermophysical Properties of
Fluid Systems. In NIST Chemistry WebBook, NIST Standard Reference Database
No. 69; Mallard, W. G.; Linstrom, P. J.; Eds.; National histitute of Standards and
Technology: Gaithersburg, MD; Nov. 1998 (http ://www .webbook .n i st . gov) .
41 Vogt, B. D.; Brown, G. D.; RamachandraRao, V. S.; Watkins, J. J.
Macromolecules 1999, 32, 7907-7912.
42 Hu, X.; Gomez, E. D.; Balsara, N. P.; latrou H.; Hadjichristidis N.; Gido, S. P.;
Russell, T. P. (unpublished results)
43 Lodge, T. P.; Hanley, K. J.; Pudil, B.; Alahapperuma, V. Macromolecules 2003,
36, 816-822.
44 Chow, T. S. Macromolecules 1980, 13, 362-364.
45 Gupta, R. R.; Lavery, K. A.; Francis, T. J.; Webster, J. R. P.; Smith, G. S.;
Russell, T. P.; Watkins, J. J. Macromolecules 2003, 36, 346-352.
46 Lodge, T. P.; Dalvi, M. C. Physical Review Letters 1995, 75, 657-660.
47 Gido, S. P.; Gunther, J.; Thomas, E. L.; Hoffman, D. Macromolecules 1993, 26,
4506-4520.
72
Dalvi, M. C; Eastman, C. E.; Lodge, T. P. Physical Review Letters 1993, 71,
2591-2594.
73
CHAPTER 4
FUTURE WORK
4.1 Self-diffusion of A„B„ Star Block Copolymers
The grain growth kinetics of A^Bn star block copolymers depends strongly on their
number of arms. For the A^Bn stars (n = 2, 4, and 16), the grain growth rate is the same
for all the stars and different from that of the A,B, diblock, regardless of the number of
arms, under both thermal and supercritical CO2 annealing. These results clearly suggest
that there is a fundamental difference in the grain growth mechanism between the ApBn
star copolymers (n = 2, 4, and 16) and the AiBj diblock. Since it is the motion of each
individual chain that allows grains to grow, it would be interesting to study the self-
diffusion of each AnBn (n = 1, 2, 4, and 16) star block copolymers to elucidate this
fundamental difference on the molecular level.
For a linear chain, chain entanglements have a strong impact on diffusion. For
unentangled chains, their diffusion is expected to follow a Rouse scaling' as:
while for entangled chains, diffusion follows the reptation dynamics,' i.e.,
D~N^
where D is the diffusion coefficient and N is the degree of polymerization of the chain.
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However, for a star polymer with many linear arms joined together at a single
junction point, reptation is strongly suppressed^ and entangled star polymers can not
move by a simple reptative process due to the nonlinear architecture. There is no single
tube along which all the arms can reptate.^ Early theory by Klein"^ predicts that D
decreases exponentially with the number of arms, n, as:
D ~ exp[-a(n-2)N]
where it assumes that a diffusive step of the junction point requires all but two of the
arms to retract simultaneously. However, experiments by Shull et al.^ found a much
weaker dependence on n, which is consistent with the prediction that a star can diffuse by
retracting one arm at a time.^ Fetters and co-workers^ also studied the rheological
behavior of polyisoprene star polymers with different number of arms. It was found that,
in contrast to linear polymers, star polymers have a broad relaxation spectrum and a
viscosity that increases exponentially with arm molecular weight. For higher degrees of
functionality, 4 < n < 33, the effect of functionality saturates and the viscosity is
determined by arm molecular weight only.
Over the past decades, extensive experimental work has been done to investigate the
self-diffusion and tracer diffusion of block copolymers in the bulk,^'^' solution'^""* and
gel.'^''^ A variety techniques have been developed for such studies, including pulsed-
field-gradient nuclear magnetic resonance,'
^'^^ dynamic light scattering, '^''^ forward
recoil spectrometry,^'^°'^' small angle neutron scattering^^'" and forced Rayleigh
• 7,10,11,18,24
scattenng.
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For block copolymers, in addition to chain entanglements, microphase separation has
been shown to strongly affect diffusive behavior. Fredrickson and Barrat" have
theoretically studied the tracer diffusion of a symmetric diblock copolymer with Rouse
dynamics in a periodic external potential. They found that diffusion was slowed by such a
potential. By introducing the concept of hyperstretching (a stretching of the block
copolymer chain to a much greater extent than the usually observed for block copolymers
in the strong segregation limit), Helfand^^ showed that the activation free energy of self-
diffusion in a strongly segregated diblock copolymer system could be reduced to 0[(1-
2/3
f)(xN) ] from O(fxN) where an A block passes as a random coil through the B domain.
27Lodge et al. measured the diffusivities of two unentangled, lamellae-forming
poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) diblock copolymers. One was in the
disordered state throughout the measurement temperatures while the other was in the
microphase-separated state throughout. It was found that the lamellar structure had no
discernible effect on the measured chain diffusivity between these two unentangled PS-b-
P2VP diblock copolymers. Now, for two well-entangled, lamellae-forming
27
poly(ethylenepropylene-b-ethylethylene) (PEP-PEE) diblock copolymers, one m the
disordered state throughout the experiments and the other in both ordered and disordered
states throughout, it is important to note that the ordered bock copolymer has a much
lower mobility than its disordered counterpart. Moreover, the difference between the two
block copolymers increases as T decreases, i.e., as the strength of microphase separation
between the two blocks increases. These results clearly indicate the effect of chain
localization on its mobility, resulting from a combination of thermodynamic penalty (xN)
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and entanglement constraints. Very recently, Yokoyama et al. ^''^^'^^ have studied the
self-diffusion of asymmetric block copolymers with a spherical microdomain structure. It
is found that the self-diffusion coefficient D is decreased by up to a factor of 10"^ due to
the existence of the ordered spherical microstructure, i.e., microphase separation.
However, most of the previous work on diffusion has focused on linear
homopolymers,'-'*''^ linear diblock copolymers,^'^''^"^'^^'^*^ and star polymers^'^''^'^^'^^""
having arms with the same chemical composition. Little is known on the self-diffusion of
star block copolymers, especially in the microphase separated state. Using pulsed-field-
gradient nuclear magnetic resonance, Anastasiadis et al. studied the self-diffusion of a
series of A2B miktosirm star block copolymers in solutions of a common good solvent. As
discussed previously, the difference in the grain growth kinetics between the AiBi
diblock and the AnBn star copolymers was attributed to the chain entanglements.
Therefore, it is of interest to study the self-diffusion of AnBn star block copolymers to
elucidate the effect of chain architecture on mobility.
4.1.1 Self-diffusion of AnBn Stars under Thermal Annealing
The self-diffusion coefficient of each AnBn star block copolymer in the bulk can be
measured by forced Rayleigh scattering (FRS). FRS is a well-established transient
optical grating technique widely used to measure the diffusion coefficient of block
copolymer samples.'''^''^''^ In general, the diffusivity of a photoactive "dye" is measured
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by monitoring the relaxation of a forced gradient in the "dye" concentration. FRS can
cover a wide range of diffusion coefficients, from -10"^ to 10""^ cm^/s?"^
To monitor the polymer diffusion by FRS, it is necessary to label the chain with a
dye, such as o-nitrostilbene [4'-(N,N-dimethylamino)-2-nitrostilbene-4-carboxylic acid].
For these AnBp star copolymers, this can be achieved by bromination of a few (-1%) of
the double bonds in the polyisoprene arm, followed by a reaction with the cesium salt of
the dye.-*^ The dye is not commercially available but can be synthesized by an
established procedure."'^ The labeled sample is then mixed at a ratio about 1 :20 with its
unlabelled counterpart for the FRS measurement.
Gratings can be created in the sample by exposure to crossed beams from an Ar^
laser, with the gratings recorded by photo-bleaching of the dye. The decay of the grating
by mass diffusion is monitored by diffraction of a probe beam from the same laser which
is attenuated by a factor of 10''. The diffracted intensity is expected to decay with a
single exponential with time i, and is given by:
T = d^/47i^D
where d is the period of the induced gratings. By measuring and comparing the diffusion
coefficients of these AnBn star copolymers, it will shed some light on the chain
architecture effect on the chain mobility on the molecular scale, which contributes to
understand the difference in their grain growth kinetics as observed in Chapter two and
Chapter three.
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The work above focuses on a macroscopically isotropic sample as we have
investigated in chapter two and three, where grains of coherent lamellar orientation are
randomly oriented in the sample, i.e., the sample is "polycrystalline". As a result, the
measured D reflects a combination of chain mobility parallel and perpendicular to the
lamellar planes. But it is impossible to resolve the diffusivities parallel (Dpar) and
perpendicular (Dperp) to the lamellar planes in such polycrystalline samples. However, by
using a macroscopically-oriented sample, Lodge and co-workers showed that, for
entangled lamellar block copolymers,''^ diffusion along the lamellar layers is
mechanistically different from that through the lamellar layers. They argue that diffusion
along the lamellar layers occurs by an activated reptation at lower degree of microphase
separation (xN < 20) as:
Dpar~exp(-pxN)
where p is a system-dependent constant. While with stronger microphase segregation
(xN > 20), an entropically limited block retraction mechanism is suggested, since
Dpar~exp(-aYN/Ne)
where Nc is the entanglement molecular weight. Diffusion through the lamellar layers
always reflects the thermodynamic penalty (xN) of pulling an A-block into the B-rich
domain, and vice versa. So,
Dpen,~exp(-vxN)
where v is a system-dependent constant.
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On the microscopic level, as discussed before, for lamellar grains to grow, as
illustrated below in Figure 4.1, tilt grain boundaries cannot move by molecular motions
along the interface (measured as Dpar) alone.
Old Boundary New Boundary Old Boundary New Boundary
>
Figure 4.1 Schematic motion of a chevron tilt grain boundary. If the lamellar orientation
on both sides of the boundary is to be preserved, then the motion must involve breaking
and reforming of interfaces as indicated by x's and dashed lines in the diagram.
Some interfacial breaking and reforming (i.e., diffusion of chains normal to the
lamellar layers, measured as Dperp) is necessary to move this type of grain boundary.
Figure 4.1 shows that in order to move the chevron grain boundary to the right, lamellar
layers, indicated by an "x", must break and then reform to change the partnering of layers
on either side of the boundary. It may, however, be possible for twist grain boundaries
with Scherk saddle surface interfaces^^'^^ to move through the sample via a mechanism in
which the interfaces remain intact, i.e., only diffusion along existing interfaces (measured
as Dpar) is required.
It has been established that shear flows can be used to generate macroscopically-
oriented "single crystal", lamellae-forming block copolymer samples, which allows the
resolution of D„ar and Open,.'''''''' As a result, an ApBn (n = 1, 2, 4, and 16) star block
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copolymer sample, highly oriented over millimeter length scale, can be prepared with the
application of a large-amplitude, low-frequency oscillatory shear. Both small angle x-ray
scattering and transmission electron microscopy can be used to confirm a high degree of
orientation in these samples. Then FRS measurement is performed on each individual
stars to resolve Dpar and Dpe^. These measurements lead to an understanding of the grain
growth kinetics observed for the AnBn star copolymers and an elucidation of the effect of
chain architecture on their self-diffusion.
4. 1 .2 Self-diffusion of AnBn Stars in Supercritical CO2
It is well established that supercritical CO2 is an effective plasticizing agent for many
glassy polymers."*^ ""^^ Using forced Rayleigh scattering, Chapman et al. observed a
significant enhancement in the diffusion of small molecules in glassy polystyrene due to
CO2 plasticization.^'*''*' It has also been shown that sorption of CO2 can depress the upper
order-to-disorder transition (UODT) of nearly symmetric polystyrene-b-polyisoprene
copolymers, where the screening of unfavorable interactions between the dissimilar
segments dominates unfavorable contributions of fluid sorption to the mixing free
energy.'*'* Very recently, Gupta et al. have demonstrated a significant enhancement in the
diffusivity of polystyrene chains with a modest increase in the sorption of C02.'*^
Since the grain growth rates of AnBn star copolymers ( n =2, 4, and 16) annealed in
supercritical CO2 are the same as those under simple thermal annealing but much slower
than the simple AiBi diblock copolymer annealed in supercritical CO2, it will be very
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interesting to study the self-diffusion of these A^B^ star block copolymers swollen with
supercritical CO2. Comparison of the self-diffusion coefficients under these two different
annealing conditions (i.e., thermal annealing and supercritical CO2 annealing) will shed
some light on the grain growth mechanisms of these A^B,, star block copolymers. Such a
quantitative comparison will also help to corroborate our argument on the effect of chain
architecture on interchain entanglements which, we believe, influences the grain growth
dramatically.
Again, the self-diffusion coefficient of each AnBn star block copolymer annealed in
supercritical CO2 can also be measured by forced Rayleigh scattering using a high-
pressure cell which allows precise control of temperature and pressure. Since the FRS
measurements require a homogeneous, optically transparent sample, CO2 equilibration
should be performed before each measurement.
4.2 The Ordering Kinetics of AnBn Star Block Copolymers in Thin Films (2-D)
Over the past decade, significant efforts and progress have been made in
achieving long-range ordered nanodomains in block copolymer thin films for applications
requiring addressability, as in magnetic storage, where control of both positional and
orientational order of these nanodomains is essential. Attempts to induce long range
order in block copolymer thin films include controlled solvent evaporation,'*^''^^
graphoepitaxy,^^"^^ shearing,^' electric field,"'" epitaxial self-assembly on chemically
nanopattemed substrates^'* and directional solidification.
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Segalman et al. investigated the ordering and melting of block copolymer
spherical microdomains in 2 dimensions, where an optimum annealing condition (i.e.,
temperature) was observed, due to the interplay of the thermodynamics of block
copolymer microphase separation and the kinetics of pattern formation. Using time-
resolved atomic force microscopy, Sibener and co-workers^^ investigated the dynamics
and morphological changes in ultrathin films of a cylinder-forming polystyrene-b-
polymethylmethacrylate copolymer as a function of time. Their results revealed the
dominant pathway by which topological defects, such as disclinations and dislocations,
could transform, annihilate, and evolve during thermal annealing. Harrison et al. have
quantitatively studied the ordering dynamics of a single layer of cylindrical diblock
copolymer microdomains^^'^^ and a single layer of spherical block copolymer
microdomains^' in a thin film. The orientational correlation length of the pattern was
measured as a function of annealing time to quantify the degree of microdomain order. It
was found that the orientational correlation length of the microdomain lattice exhibited a
t'^"* power law. Very recently, Angelescu et al.^^ reported two-dimensional melting in a
monolayer film of spherical polystyrene-b-poly(ethylene-alt-propylene) diblock
copolymer where a transition fi-om a low-temperature hexatic phase to a high-temperature
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liquid phase was observed. Meanwhile, using numerical simulations, Vega et al.
studied the coarsening dynamics of a 2-D hexagonal pattern formed by a single layer of a
sphere- forming block copolymer. It was found that disclinations were located at large-
angle grain boundaries and the orientational correlation length grew with time in a power
law manner, which is consistent with experimental results recently published.^'
83
Almost all the studies on long-range order of block copolymers to date have
focused on linear block copolymers with the application of an external, directional field.
Little is known about the effect of chain architecture on the ordering of block
copolymers. Very recently we systematically investigated the grain growth kinetics of a
series of AnBn star block copolymers in the bulk (i.e., 3 dimensions),^^'" where it was
shown that chain architecture had a strong effect on the ordering of these star block
copolymers. Therefore, it would be interesting to see if chain architecture alone could be
used to promote long range order in block copolymer thin films without the application of
any other external fields.
Based on these developments, another objective of the future work is to study the
effect of molecular architecture on the ordering kinetics of a single layer of sphere-
forming or cylinder-forming AnBp star block copolymers. A series of AnBp (n = 1,2,
4,....) star block copolymers can be prepared using anionic living polymerization and a
controlled chlorosilane coupling chemistry.^^ In these materials all the A arms are from
the same ionic polymerization batch, and are, thus, characteristically the same. Likewise,
all the B arms are from the same ionic polymerization batch, and are, thus,
characteristically the same. This will enable us to exclude any variables from the study
that would arise from differences in the composition of the constituent arms.
Thin films of AnBn star block copolymers can be spin-coated from dilute (-1%)
solutions onto cleaned silicon wafers. For spherical block copolymers, islands and holes
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form after thermal annealmg when the original, spin-coated film thickness does not
match a natural thickness, h, given by^^'^^'^^
h = an + p
where a is the thickness of a single layer of spheres, i.e., the (110) plane spacing and p is
the brush thickness if applicable. Therefore, for the purpose of this work, great care
should be taken to spin-coat thin films with the right thickness to achieve a single layer of
spheres on the substrate while avoiding the formation of islands and holes. All samples
should be annealed at a designated temperature under high vacuum for different periods
of time to allow ordering. The samples will then be quenched to below the glass
transition to lock the structure.
Scanning force microscopy (SFM) images can be obtained in both height and
phase-contrast mode. Using a software developed at Princeton University,^'' the
orientational correlation length (^) of the coarsening pattern can be measured as a
function of annealing time to quantify the degree of order. This can be achieved by
annealing all the AnBp samples together for various periods of time and collecting as
many SFM images as possible for each sample. The local orientational order parameter,
v|/(r), is defined as:
v|/(r) = exp[6ie(r)]
where 0(r) is the inter-sphere bond orientation obtained by triangulation. The averaged
orientational correlation function, g(r), is calculated as:
g(r) = <v}/(0)v|/(r) >
85
and the correlation length is obtained by fitting with exp(-r/^). Finally, the grain growth
kinetics, i.e., the growth of correlation length, of each AnBn star block copolymer in 2-D
will be compared to the corresponding bulk results obtained in Chapter two and Chapter
three.
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